Ultrasonic non destructive testing (NDT) is an efficient method to detect flaws in industrial parts. The detection of flat bottom holes (FBH) is a typical problem, which serves as a reference in the NDT community. It is nevertheless a hard task if the FBH is short because its echo overlaps with the backwall echo. In this paper, we propose to use a sparse deconvolution approach to separate the FBH echo from the backwall echo and hence to detect the FBH with high resolution. From experimental data acquired with a FBH drilled in an aluminum plate, we show that the FBH echo can be modeled as a high-pass filtered version of the incident ultrasonic wave. Therefore, we build a propagation model depending on the instrument response and of a specific attenuation function. A sparse deconvolution technique is then proposed to precisely locate the flaw and the backwall positions. In application to real data, we show that the developed approach is more efficient than conventional techniques such as gates or invariant sparse deconvolution.
Introduction
Non Destructive Testing (NDT) using ultrasonic waves is a common modality to detect flaws in industrial parts. The positions of the flaws are generally retrieved by directly interpreting the echoes received by the transducer. This procedure reaches a limit when the flaws are close because the echo overlapping makes almost impossible a direct deduction. In order to overcome this problem, sparse deconvolution is an inverse method which aims at detecting the positions of each echo -even overlapped -with high resolution (Zala, 1992; O'Brien et al., 1994) . In such approaches, the received signal is modeled through a convolution between the instrumental impulse response and a spike train representing the signature of the inspected object. The spike train can then be estimated by numerous sparse deconvolution methods (Zala, 1992; O'Brien et al., 1994) .
The convolution model is acceptable when the discontinuities have quasi identical diffraction signatures, for instance, for plane surfaces in the case of plate thickness estimation (O'Brien et al., 1994) . Nevertheless, this model is not valid for echoes having variable signatures due to attenuation, dispersion, target diffraction, etc. Previous works proposed an adapted linear model accounting for attenuation and dispersion in NDT inverse problems (Carcreff et al., 2014) . Indeed, attenuation acts as a cumulative low-pass filter when propagation distance increases. On the contrary, flaw signatures are known to have a high-pass behavior (Rhyne, 1977; Lhemery, 1991) .
In this paper, we propose to develop a linear model that takes into account flaw diffraction signature. We build a high-pass filter having a linear slope magnitude in logarithmic scale. The phase part is set in order to respect the Kramers-Kronig relations, which yields a causal signal model (Szabo, 1995) . In the context of flaw detection, we propose to design sparse deconvolution technique based on the Orthogonal Least Squares algorithm (Chen et al., 1989) . This paper is dedicated to the detection of flat bottom holes (FBH), widely employed to assess flaw detection methods.
Diffraction function of the Flat Bottom Hole

Theory : a dispersive attenuation model
For a single target, the signal received by the ultrasonic transducer can be modeled as a time-domain convolution y(t) = h i (t) * h r (t) where h i (t) is the instrumental impulse response of the transducer and h r (t) is the radiation impulse response of the target (Lhemery, 1991) . The radiation response is usually defined in the frequency domain by
The term α( f ) stands for frequency-dependent attenuation and has a common form for linear attenuation α( f ) = α 0 | f | with α 0 the attenuation coefficient. This model has shown satisfactory fitting for a large variety of materials (Szabo, 1995) . The term β( f ) is related to the phase velocity c( f ) such that β( f ) = 2π f z/c( f ), where z is the propagation distance, and is actually connected to α( f ) to ensure the causality of h r (t). More precisely, if β( f ) is separated into a linear phase term corresponding to group propagation and a dispersive phase term, such that
where c 0 is a constant velocity, then the dispersive term ( f ) can be calculated by (Carcreff et al., 2014) (
in order to respect physical consistency ( f S is the sampling frequency). For absorption phenomena, α 0 is positive and c( f ) increases as a function of frequency. Szabo (1995) pointed this behavior as the term anomalous dispersion in opposition to the normal dispersion encountered in electromagnetic theory. This paper deals with diffraction effects caused by FBH, known to behave as high pass filters (Rhyne, 1977; Lhemery, 1991) . Hence, we propose to model the radiation function of such defects with a negative attenuation. This will produce a normal dispersion, meaning the phase velocity decreases as a function of frequency. We propose to construct a high-pass filter of the form
where f c is a cutting frequency accounting for the limit of the transducer bandwidth. In the next part, we check the modeling accuracy of the developed model on experimental data.
Model verification
Experiments are performed using a circular flat transducer of diameter 12.7 mm and center frequency 2.25 MHz in pulse-echo mode. An aluminum plate of thickness D = 39.2 mm -drilled by a flat bottom hole with diameter 10 mm and length h = 10.2 mm -is placed normally to the transducer as illustrated in figure 1. The frontwall echo and the FBH echo are denoted h i (t) and y(t), respectively. The magnitude spectra of the frontwall echo and the FBH echo are represented in figure 2-a with normalized amplitudes, showing the high-pass effect of the FBH. The magnitude spectral division enables the identification of the attenuation coefficient α 0 −0.41 Np.MHz −1 (figure 2-b), in agreement with the linear attenuation assumption. Several measurements from FBH with identical diameters but different depths have shown nearly identical values. In figure 2-c, we plot the measured phase velocity and the phase velocity produced by the dispersive model. We observe the normal dispersion and the developed model achieves an acceptable result. The time-domain signal modelization, without and with the developed model, is effected by convolution y = h i * h r and is presented in figure 2 . The diffraction model for FBH shows a better agreement with the measured signal. The residue r between the data and the model is almost divided by a factor two with the developed model.
Flaw detection using a sparse deconvolution approach
In this section, we use data acquired from the same aluminum plate (D = 39.2 mm) where the FBH is now close to the backwall (h = 2.1 mm). With a 2.25 MHz probe, it produces a strong overlapping of the two echoes, as illustrated in figure 3 . The goal is here to estimate the FBH and the backwall positions in order to characterize the flaw. The direct interpretation of such data by an operator is not possible. Usually, in the NDT industry, temporal gates and maximum detection are employed to detect the discontinuities. In the present example, we apply adapted gates and take the maximum in absolute values. We also use two sparse deconvolution methods based on the orthogonal least squares (OLS) algorithm (Chen et al., 1989) . The first one is standard deconvolution using an invariant kernel h i (t). The second one uses the invariant kernel and the model developed for flaws in part 2.1. The results for those three methods are plotted in figure 3 and the numerical results are displayed in table 1. As the true positions are 37.1 mm and 39.2 mm, the results using deconvolution with the diffraction model achieves the best position estimation. Furthermore, this result produces a lower residue compared to the standard model approach, which emphasizes the adequacy of the developed model. The gate method has the worst result despite it uses a prior knowledge of the flaw position. The standard deconvolution shows a compromise between the two other methods. (f) residue r = 0.0353 
Conclusion
This paper describes a method based on a sparse deconvolution approach for the detection of flat bottom holes. The direct model is built from a dispersive attenuation description in order to model high-pass effects due to flaw reflection. This model has shown a good agreement with experimental data acquired from a flat bottom hole drilled in an aluminium plate. We have also developed a deconvolution method based on the OLS algorithm. This method coupled with the flaw model achieves the detection of invariant echoes such as frontwall and backwall echoes, and echoes with diffraction effects such as flaws. Results from a FBH close to the backwall have illustrated the enhanced capability of our approach for flaw detection and characterization compared to standard approaches.
